what is known already: Several human studies have shown an effect of culture medium on embryo development, pregnancy outcome and birthweight. However, the underlying mechanisms in human embryos are still unknown. In animal models of human development, it has been demonstrated that culture of preimplantation embryos in vitro affects gene expression. In humans, it has been found that culture medium affects gene expression of cryopreserved embryos that, after thawing, were cultured in two different media for 2 more days. study design, size, duration: In a multicenter trial, women were randomly assigned to two culture medium groups [G5 and human tubal fluid (HTF)]. Data on embryonic development were collected for all embryos. In one center, embryos originating from two pronuclei (2PN) zygotes that were not selected for transfer or cryopreservation on Day 2 or 3 because of lower morphological quality, were cultured until Day 6 and used in this study, if couples consented.
Introduction
Assisted reproductive technology (ART) conceptions are associated with higher risks of obstetric and perinatal complications when compared with spontaneous conceptions (McDonald et al., 2009; McDonald et al., 2010; Pandey et al., 2012; Pinborg et al., 2013) . Both subfertility and specific aspects of ART may be risk factors for the adverse perinatal outcome in IVF children (Henningsen and Pinborg, 2014) .
The culture medium is one aspect of ART which is considered to be an important factor as it forms the direct environment of the developing preimplantation embryo. It is clear that culture media affect embryo development as well as pregnancy outcome (Mantikou et al., 2013a) . Furthermore, our previous studies have demonstrated that culture medium also affects birthweight (Dumoulin et al., 2010; Nelissen et al., 2012) . A difference in growth between fetuses derived from embryos cultured in two different culture media was already evident as early as the second trimester of pregnancy and persisted during the first 2 years of post-natal life (Nelissen et al., 2013; Kleijkers et al., 2014) . The underlying mechanisms are still unknown, although it has been suggested that gametes and preimplantation embryos adapt to their environment, with long-term consequences (Steegers-Theunissen et al., 2013) . Although experimental data are virtually absent, these adaptations may act via changes in epigenetic regulation resulting in altered gene expression profiles, either directly or via differences in the proportions of specific cells [i.e. inner cell mass (ICM) and trophectoderm (TE) cells] in the embryo.
Several animal studies did indeed show that gene expression is altered by culture medium, supplementation used or oxygen tension (Khosla et al., 2001; Fernandez-Gonzalez et al., 2004; Rinaudo and Schultz, 2004; Rinaudo et al., 2006; Saadeldin et al., 2011; Cagnone et al., 2012; Schwarzer et al., 2012; Arias et al., 2013) . Furthermore, in an extensive study by Schwarzer et al. (2012) , it was found that 13 different human ART culture protocols resulted in distinct cellular and molecular phenotypes in mouse blastocysts. It has been found that certain culture medium components can interfere with the epigenetic regulation of genes. For instance, a side-by-side comparison of five culture media showed that all media had a varying but compromised ability to maintain methylation levels of the imprinted genes H19, Peg3 and Snrpn in comparison with in vivo-derived mouse embryos (Market-Velker et al., 2010) .
In humans, it has been reported that culture medium affects gene expression in cryopreserved embryos that, after thawing, were cultured in two different media for 2 more days (from Day 4 to Day 6) (Mantikou et al., 2013b) . However, all of these embryos were cultured in the same culture medium before cryopreservation (from Day 0 to Day 4), a period during which the embryo is more sensitive to its environment than after compaction (Gardner and Lane, 2005) . The aim of the present study was to compare gene expression profiles of human embryos cultured in two different culture media throughout the preimplantation period, thereby increasing our knowledge on pathways involved in human embryonic development in vitro.
Materials and Methods

Study design
In a Dutch multicenter trial (NTR1979), women were randomly assigned to two culture media groups, with the primary aim to compare live birth rates after embryo transfer on Day 2 or 3. In one group, all oocytes and resulting embryos were cultured in human tubal fluid (HTF) medium (Lonza, Verviers, Belgium), while in the other group, all oocytes and resulting embryos were cultured in G5 PLUS medium (Vitrolife AB, Göteborg, Sweden). For the present study, at one center (Maastricht University Medical Center) embryos [originating from two pronuclei (2PN) zygotes] not selected for transfer or cryopreservation on Day 2 or 3 were further cultured in G5 or HTF until Day 6 and those that had reached the blastocyst stage were collected.
All participating couples gave written informed consent for the inclusion of their embryos and the use of their data. The study protocol was approved by the Dutch Central Committee on Research involving Human Subjects (CCMO; NL35806.000.11).
IVF procedures
Except for the different culture media that are used, all other procedures comprising an IVF treatment, such as ovarian hyperstimulation, follicular aspiration, oocyte fertilization and embryo morphology assessment procedures, were identical in both groups and have been described earlier (Kleijkers et al., 2014) . Briefly, patients received long down-regulation with GnRH agonists and underwent ovarian stimulation with recombinant FSH. Thirty-six hours after hCG injection, ultrasound-guided oocyte retrieval was performed and progesterone was administered vaginally for luteal phase support. In case of a pregnancy, progesterone administration was extended for 3 weeks.
HTF medium is used in a monoculture system and consists of a balanced salt solution with added carbohydrates, glucose, pyruvate and lactate. HTF medium was supplemented with 10% human serum albumin (HSA) (Albuman: Sanquin, Amsterdam, the Netherlands) and embryos were cultured in a 5% CO 2 and 5% O 2 environment. G5 PLUS media are used in a sequential culture system (G-IVF PLUS, G-1 PLUS and G-2 PLUS), involving the sequential culture of embryos in media of different composition. G-IVF PLUS is used during IVF, G-1 PLUS is used for culture of embryos from the pronuclear stage (Day 1) to early Day 3, while G-2 PLUS is used for culture of embryos from Day 3 to the blastocyst stage. G-1 PLUS and G-2 PLUS are ready-to-use media already supplemented with 5% HSA and G5 PLUS embryos were cultured in a 6% CO 2 and 5% O 2 environment. Apart from the balanced salt solutions and energy sources, the G5 media also contain other components, including amino acids and vitamins. The complete list of components in the media used is shown in Supplementary material, Table S1 . To align HTF and G5 methodology, embryos in the HTF group were transferred to a fresh culture medium droplet on Day 3. Embryos were cultured individually and culture droplets were covered by mineral oil (Irvine Scientific, Santa Ana, CA, USA).
Embryo development was recorded daily. Embryo transfer was performed on Day 2 or 3 after oocyte retrieval and our standard transfer policy consisted of single embryo transfer for women under 38 years old with at least one good quality embryo available. In all other cases, two embryos were transferred.
Sample collection and selection
On Day 6, individual embryos were transferred from the culture medium into a droplet of protease solution (500 U/ml; Sigma-Aldrich, St Louis, MO, USA) until the zona pellucida had dissolved and were then rinsed in two droplets of Dulbecco's phosphate-buffered saline (Life Technologies, Carlsbad, CA, USA). Each embryo was transferred into a separate microcentrifuge tube with 3 ml of ice-cold lysis buffer [0.8% Igepal (Sigma-Aldrich), 1 IU/ml SUPERase-In (Life Technologies), 5 mmol/l dithiothreitol (Life Technologies)], flash-frozen in liquid nitrogen and stored at 2808C until RNA isolation. Ten blastocysts from each study group, matched for fertilization method (IVF or ICSI), maternal age (age difference of ,3 years) and blastocyst quality were selected for mRNA analysis. Blastocysts were scored according to the Gardner grading system (Gardner et al., 2004) . Briefly, blastocysts were scored according to size (1 -6: from early blastocyst to hatched blastocyst), ICM (A: tightly packed, many cells; B: loosely grouped, several cells; C: very few cells) and TE (A: many cells forming a tightly knit epithelium; B: few cells; C: very few cells forming a loose epithelium). To prevent any genetic bias that might arise by adding multiple embryos from one couple into one group, only one blastocyst per couple was included in the study.
RNA isolation and amplification
Sample preparation was performed according to a recently developed protocol by the MicroArray Department of the University of Amsterdam, validated for analysis of very small amounts (picograms) of RNA (submitted data). RNA was isolated with the Arcturus PicoPure RNA Isolation Kit (Life Technologies) following the instructions of the manufacturer with minor adaptations. RNA extraction was performed with 50 ml Extraction Buffer and the recommended DNase treatment was performed. RNA was amplified using the Arcturus RiboAmp HS Plus RNA Amplification Kit according to the manufacturer's instructions. The quality of the amplified RNA (aRNA) was verified using the 2100 Bioanalyzer System with the RNA Nano 6000 Kit (Agilent Technologies, Santa Clara, CA, USA) and the concentration was measured on a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Microarray hybridization
Five micrograms of aRNA was dried in a speedvac, then dissolved in 5 ml 50 mM Carbonate Buffer (pH 8.5) and incubated at 378C for 10 min. Ten microliters of CyDye diluted in dimethylsulphoxide was added to each sample, followed by incubation in the dark at room temperature for 1 h. Cy3 was used to label the individual embryo samples and Cy5 was used for a reference sample (comprising a pool of six samples). To quench the reactions, samples were incubated with 5 ml of 4 M hydroxylamine at room temperature for 15 min. The labeled RNA was purified using the MicroElute RNA Clean Up Kit (Omega Bio-Tek, Norcross, GA, USA) and finally eluted in 15 ml RNase/ DNase free water. The yield and CyDye incorporation of labeled aRNA were measured with a Nanodrop ND-1000 spectrophotometer.
Fragmentation and hybridization was performed according to the TwoColor Microarray-Based Gene Expression Analysis protocol (Agilent Technologies). A total of 825 ng of Cy3 labeled sample aRNA and 825 ng of Cy5 labeled reference aRNA were added to the fragmentation mix and samples were incubated at 608C for 30 min. After addition of the hybridization mix, samples were hybridized to the 180k custom designed Agilent arrays (Agilent technologies; design ID:028004) for 17 h at 658C and 10 rpm. The 180k microarrays contained almost 42 000 probes in quadruplet and 11 200 control probes. The microarray slides were washed and scanned in an ozonefree room using a Microarray scanner GA2505C (Agilent Technologies). Slides were scanned at 3 mm resolution and the microarray data were extracted with Feature Extraction software 10.7.1 (Agilent Technologies).
Data analysis
The differences in embryo development and implantation rate between study groups were tested by Student's t-test and x 2 test, respectively. Analyses were conducted with IBM SPSS Statistics 20 (IBM, Armonk, NY, USA) and two-sided P-values of ,0.05 were considered to reflect statistical significance. Microarray data analysis was performed using the R statistical software (http://cran.r-project.org/). All arrays were subjected to a variety of quality control checks (box and density plots of signals, MA plots, virtual 2D array representations, correlation plots, among others) related to sample quality, hybridization quality and signal comparability and data were normalized using LOESS (local regression smoothing) normalization. Low quality spots were discarded and values for replicate probes (each probe was present in quadruplicate) summarized by averaging. Unexpressed probes (,5 expression value, 2 log scale) and probes with too many missing values (.5 × 4 missing) were excluded from further analysis. Linear modeling using the Limma package (Gentleman et al., 2004; Smyth, 2005) was conducted to compute the genes that had significantly (as defined by a P-value ,0.01) changed between study groups by fitting an interaction model with culture medium and fertilization method. For the biological interpretation of the gene expression data, PathVisio 3.1.3 (http://www.pathvisio. org/) with the identifier mapping Hs_Derby_20130701 bridge file was used to map the Ensembl IDs (Flicek et al., 2013) of measured genes to biological pathways from WikiPathways (van Iersel et al., 2008) and to generate a list of Z-score ranked pathways based on the (over)representation of differentially expressed genes (DEGs) within each pathway. All pathways with a Z-score of 1.96 or higher were included in the biological interpretation, reflecting a significance level of 0.05. Microarray data are available in the ArrayExpress database (Kolesnikov et al., 2015) under accession number E-MTAB-3405.
Results
Sample matching and processing
Twenty blastocysts, 10 from the G5 and 10 from the HTF group, were selected for microarray analysis (Table I) . They were matched based on blastocyst quality, fertilization method and maternal age. Blastocyst quality and fertilization method were identical within pairs and there was a maximal difference of 2.8 years in maternal age within matched pairs. Characteristics of the selected samples from both embryo culture medium groups (G5 and HTF) are presented in Table II . Amplification was successful for all samples and all 20 arrays passed the quality control for sample quality, hybridization quality and signal comparability. Signals after LOESS normalization were very comparable.
Microarray data analysis
The microarrays contained 42 405 probes covering 23 645 genes in total and overall 28 399 probes corresponding to 17 692 genes were detected after exclusion of unexpressed probes and probes with too many missing values. The expression of 951 genes differed significantly (P , 0.01) between human preimplantation embryos that had been cultured in G5 or HTF medium and those are presented in Supplementary material, Table S2 . There were 544 (57.2%) significantly up-regulated and 407 (42.8%) significantly down-regulated genes in the G5 group compared with the HTF group. Of these 951 DEGs, 389 genes showed a fold change of , -2 or .2 and 81 genes showed a fold change of , -5 or .5.
For each of the 951 DEGs, the number of matched pairs of blastocysts that showed a change in level of mRNA expression in the same direction (up-or down-regulation in G5) was calculated (Fig. 1) . For any one gene, there was always at least 6 pairs that changed in the same direction. Eighty-nine percent (849/951) of all DEGs showed a change in the same direction in at least 8 of the 10 matched pairs, while this was 90% (349/389) and 86% (70/81) for genes with a fold change of at least 2-fold and 5-fold, respectively. The 70 DEGs that are similarly upor down-regulated in at least 8 matched pairs with a fold change of at least 5-fold are shown in Table III .
Pathway analysis revealed 18 biological pathways with overrepresentation of DEGs, involved in apoptosis, protein degradation, metabolism and cell-cycle regulation pathways (Table IV) . All DEGs of the DNA replication pathway, 7 of 9 in the G1 to S cell-cycle control pathway and 6 of the 7 in the oxidative phosphorylation pathway were up-regulated in the G5 group compared with the HTF group. Furthermore, all DEGs that code for subunits of the Ubiquitin, Proteasome 26S and Proteasome 20S complexes from the proteasome degradation pathway were up-regulated in the G5 Data presented as mean + SD or numbers (%). The differences in outcomes between study groups were tested by one-way analysis of variance for continuous variables and x 2 test for categorical variables. All comparisons were not significantly different (P . 0.05). Continued group compared with the HTF group. There was no uniform up-or down-regulation of DEGs in the other biological pathways. Sex of the 20 embryos were determined by evaluating the expression of six Y-specific genes (USP9Y; ubiquitin specific peptidase 9, Y-linked, DDX3Y; DEAD (Asp-Glu-Ala-Asp) box helicase 3, Y-linked, RPS4Y1; ribosomal protein S4, Y-linked 1, RPS4Y2; ribosomal protein S4, Y-linked 2, EIF1AY; eukaryotic translation initiation factor 1A, Y-linked and ZFY; zinc finger protein, Y-linked). Nine embryos were identified as female, while 11 embryos were identified as male. The interaction of culture medium and sex was investigated by linear modeling and only 137 genes had a significant interaction term (P , 0.01), which is lower than would be expected by chance. Pathway analysis showed no overrepresentation of those genes in specific pathways. These findings suggest no difference in effect of the culture medium on gene expression between the sexes.
Embryo development and implantation
To investigate whether the G5 up-regulated pathways involved in cell cycle and metabolism were related to morphological differences, data on embryo development and implantation were collected. Morphological assessment of the 1527 embryos (originating from 2PN zygotes) showed that embryos consisted of more cells on Day 2 (3.73 + 1.30 versus 3.40 + 1.35, P , 0.001) and Day 3 (7.00 + 2.41 versus 5.84 + 2.36, P , 0.001) in the G5 group when compared with the HTF group. Furthermore, the implantation rate was significantly higher in the G5 group compared with the HTF group (26.7 versus 14.7%, P ¼ 0.002) after transfers performed at either the second or the third day after fertilization.
Discussion
This study using embryos that were not transferred shows that culture of human preimplantation embryos for 6 days resulted in a mediumdependent changes in expression level of genes involved in apoptosis, protein degradation, metabolism and cell-cycle regulation.
The material used in this study (i.e. human embryos) has a limited availability, restricting the number of analyses. Therefore, we mainly focused on investigating pathways that differed between the two study groups, instead of individual genes. Although quantitative PCR validation was not performed, combining the measurements from all the genes in a pathway and not focusing on exact fold changes of specific genes but on overall direction of change in the pathway is likely to make the analysis more robust and less sensitive for potential chance findings. Pathway analysis showed overrepresentation of up-regulated DEGs in DNA Linear modeling using the Limma package was conducted to compute the genes that had significantly (as defined by a P-value ,0.01) changed between study groups.
replication, G1 to S cell-cycle control and oxidative phosphorylation pathways in the G5 group compared with the HTF group. This indicates increased cell proliferation in embryos of the G5 group, which is in line with the observations from the morphological assessment of these embryos that they consist of relatively more cells on Days 2 and 3, compared with the HTF group. Furthermore, the up-regulation of genes involved in oxidative phosphorylation is thought to positively affect human oocyte quality and embryo development (Hsieh et al., 2004) . It is therefore not unlikely that the differences in gene expression profiles were already introduced during earlier stages of preimplantation development. All DEGs that code for subunits of the Ubiquitin, Proteasome 26S and Proteasome 20S complexes from the proteasome degradation pathway were up-regulated in the G5 group compared with the HTF group. These complexes are involved in degradation, cellular relocation, activity and interactions of proteins (Fang and Weissman, 2004) . Inhibition of the ubiquitin-proteasome pathway reduces the implantation potential in mouse embryos (Wang et al., 2004) . It is possible that the down-regulation of the complexes involved in this pathway is indicative for the observed lower implantation rate in the HTF group. Not only proliferation and differentiation are important for the development of the preimplantation embryo, but also apoptosis is essential as it mediates the elimination of misplaced, dysfunctional or unneeded cells (Huppertz and Herrler, 2005) . In the present study, 11 genes that mapped to the apoptosis pathway were differently expressed between the G5 and HTF groups. However, there was no clear up-or downregulation of anti-and pro-apoptotic genes. This might be the result of the complex balanced regulation of both anti-and pro-apoptotic genes in this pathway (Wang et al., 2009) .
Although the exact concentrations of the different components in G5 are unknown, the major differences in composition between G5 and HTF are the albumin source and the addition of amino acids, vitamins, hyaluronan and lipoic acid in G5. Although amino acids are not required for the development of zygotes into blastocysts, it is well established that the addition of amino acids has a beneficial effect on preimplantation embryo development in several species (Gardner et al., 2000; Biggers and Summers, 2008) . It has been shown that the cellular concentration of amino acids can regulate the expression of numerous genes in different mammalian cell lines (Jousse et al., 2004) . In a study by Rinaudo and Schultz (2004) , the global gene expression patterns of mouse blastocysts that were cultured in either Whitten's medium (WM) or K-modified simplex optimized medium + amino acids (KSOM/AA) were compared with those of blastocysts that developed in vivo. Culture in KSOM/AA resulted in gene expression patterns that resembled the patterns of the in vivo counterparts more closely than culture in WM (which lacks amino acids). Affected biological and molecular processes after culture in WM included ribosome biogenesis and protein synthesis, cell organization and biogenesis, apoptosis, regulation of cell cycle and proliferation, and selenium binding. In the present study, that compared the expression profiles of human blastocysts after culture in medium with (G5) or without (HTF) amino acids, a differential expression of genes involved in apoptosis, protein processing, metabolism and cell-cycle regulation was found. Patterns of gene expression change during human preimplantation embryo development from oocyte to blastocyst (Assou et al., 2011; Vassena et al., 2011; Mantikou et al., 2013b; Shaw et al., 2013; Xue et al., 2013) . For example, in a recent study by Yan et al. (2013) in which global gene expression patterns were investigated during seven consecutive stages of human preimplantation development by single-cell RNA-Seq profiling, it was found that embryo gene expression profiles differ significantly at different stages of development. Factors related to the IVF treatment or patient can also have an effect on gene expression in preimplantation embryos. For example, maternal age affects gene expression in oocytes (Steuerwald et al., 2007; Grondahl et al., 2010) , morulas and blastocysts in humans (Mantikou et al., 2013b) . In mice, it was found that the method of fertilization (IVF or ICSI) affected gene expression in blastocysts (Giritharan et al., 2010; Bridges et al., 2011) . To reduce any bias on the outcomes in our study caused by these factors, samples were matched for blastocyst quality, fertilization method and maternal age. Despite careful matching of the embryos, it cannot be ruled out that the observed differences between the G5 and HTF groups are caused or affected by factors not investigated in this study. Furthermore, the altered gene expression profiles might be a result of differences in the proportion of specific cells in the embryos from both groups (i.e. proportion of ICM and TE cells).
In the present study, we used embryos that were not selected for transfer or cryopreservation on Day 2 or 3 and these embryos were cultured until Day 6. Those embryos were compromised at early developmental stages compared with the embryos that were selected for the IVF treatment. Therefore, it is appropriate to be cautious when extrapolating these results to good quality embryos. However, findings are in line with the results of a study in which gene expression profiles of frozen-thawed embryos that had been cultured in either G5 or HTF medium for 2 more days (from Day 4 to Day 6) were compared (Mantikou et al., 2013b) . Analysis of these good quality embryos also showed differential expression of genes related to metabolism, cell-cycle processes and oxidative phosphorylation.
In conclusion, gene expression in spare human preimplantation embryos is changed by the culture medium used during an IVF treatment. Furthermore, several biological pathways showed a significant overrepresentation of DEGs and some pathways involved in proliferation were up-regulated in G5 medium compared with HTF medium. These results correlate with the findings from the morphological assessment of all embryos, which showed that embryos in the G5 group consisted of more cells on Days 2 and 3. Whether these observed differences are associated with long-term effects of culture media on fetuses and children remains as yet unknown. However, it is not unlikely that early adaptations of the preimplantation embryo to its environment persist during fetal and post-natal development.
